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Abstract
The Thermal Boundary Conductance (TBC) between thin films of Cr, Mo,
Nb and W and diamond substrates has been measured using time domain
thermoreflectance before and after a high-vacuum heat treatment at 800 oC
for 2 h. While no signs of carbide formation could be detected in as-deposited
layers by Scanning Transmission Electron Microscopy Energy Dispersive X-
ray spectroscopy (STEM-EDX) elemental analysis, the heat treatment led
to partial (W, Mo) or full conversion (Cr, Nb) of the film into carbide. The
measured TBC values on as-deposited samples of 315, 220, 220 and 205
MWm−2K−1 measured for, respectively, the Cr, Mo, Nb and W samples,
were found to not be significantly altered by the heat treatment.
Keywords: Time Domain ThermoReflectance, Thermal Boundary
Conductance, Metal Matrix Composites, Molybdenum, Tungsten,
Chromium, Niobium, Diamond, thermal management materials
1. Introduction
Diamond reinforced Metal Matrix Composites (MMC) have come into
research focus in the past few years as they could potentially be used as
highly efficient, thermal expansion-matched heat sinks in microelectronics
applications[1]. Indeed, mixing diamond with highly thermally conductive
metals such as copper, silver or aluminum allows for composites with a ther-
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mal conductivity up to 985 Wm−1K−1[2] and a Coefficient of Thermal Ex-
pansion (CTE) lying between 4 and 8 ppmK−1, covering the CTE range of
typical semiconductors in high heat dissipation applications.
One of the key factors that controls the upper limit of the achievable com-
posite conductivity are the diamond/metal interfaces. Indeed, their qua-
lity directly influences the diamond/metal Thermal Boundary Conductance
(TBC)[5, 6], the effect of which significantly increases with decreasing par-
ticle size[7].
In Al matrix composites, good results are obtained using Al or Al/Si alloys[3–
5] because good adhesion is obtained between the matrix metal and the dia-
mond powder provided the composite processing provides sufficient time at
high temperature to form strong interfaces[8]. For pure copper and silver, ho-
wever, the chemical affinity between the metal and carbon is insufficient to
form strong interfaces and hence thermal conductivity of composites using
pure metals are rather low, typically significantly below the pure metal’s
conductivity. This can be overcome by either (i) activating the diamond sur-
face [9], by (ii) adding alloying elements with higher affinity to carbon, or
(iii) by coating the diamond with an adhesion layer. For Cu, adding alloying
elements such as B, Cr[6, 10], or Zr[11], to the matrix metal, yield high com-
posite thermal conductivities, presumably through the formation of a small
amount of interfacial carbide[12]. Coating the powder before processing it
into a composite has been achieved by sputtering of Mo[13], by the molten
salt route [14, 15], or by vapor phase deposition of W[16]. The latter process
has led to particularly high thermal conductivity of up to 907 Wm−1K−1 for
100nm thick coatings, while thicker coatings reduced the beneficial effect. It
is however unclear whether the conductivity improvement achieved when a
carbide is present at the matrix/filler interface is due to an improved interfa-
cial adhesion[17, 18], or to the presence of a phase with phononic properties
intermediate between filler and matrix[19, 20], as these effects have both been
shown to improve the interface conductance.
A convenient method to measure the TBC at a metal/dielectric interface di-
rectly is Time-Domain ThermoReflectance[21, 22] (TDTR). It uses samples
consisting of thin metallic layers directly deposited onto dielectric substrates,
hence having the ability to measure the conductance of a single interface.
Using this technique on metal/diamond systems, the diamond surface che-
mistry was shown to have a strong impact on the TBC between diamond
and metals [23–25]. Hydrogen-terminated diamond surfaces were found to
always be detrimental to obtaining high TBC[18, 24]. This was rationalized
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by the fact that hydrogen termination also lowers the metal/diamond work
of adhesion, thereby weakening the bonds between metal and diamond[18].
By using an oxygen plasma treatment of the diamond surface, it was shown
that both a good adhesion and a high TBC can be obtained between a metal
and diamond[24, 25]. Good adhesion was also shown to be essential to obtain
a good TBC even after a heat treatment[26], because such a treatment would
otherwise be ineffective or, worse, detach the metallic layer, due to differences
in Coefficient of Thermal Expansion between layer and substrate.
We present here an investigation of the effect on TBC of transforming layers
of W, Mo, Nb and Cr deposited on diamond into their respective carbides
by heat treating them in high vacuum. The various elements are chosen as
the formation of a carbide would provide an interface layer with either lo-
wer (Cr), comparable (Mo) or higher (W, Nb) Debye temperature than the
metal, the latter being a first order indicator for the match of the phonon
density of states on either side of the interface intervening in phonon elastic
scattering theory at interfaces. The TBCs with the diamond substrate are
measured by TDTR. The metallic layer composition is determined before
and after the heat treatment by Transmission Electron Microscopy (TEM)
and the bonding states at the interface are evaluated by X-ray Photoelectron
Spectroscopy (XPS). The results are discussed in the light of the effectiveness
of carbide formers in improving the thermal conductivity of diamond-based
MMCs and to investigate the predominance of bonding or phonon energy
distribution on TBC.
2. Experimental
2.1. Sample preparation
Diamond substrates were purchased from Element 6 (Shannon Airport,
Shannon, Co. Clare, Ireland, MWS L25, [100] surface orientation). The [100]-
oriented stones were factory-polished, but were further polished using dia-
mond suspensions of 6, followed by 1 µm size. RMS roughness was determi-
ned to be less than about 1.5 nm by FIB cross-section. Indeed, no roughness
could be distinguished in images resulting from such cross-sections, meaning
that if such a roughness exists, it is lower than the detection limit of the
instrument. After polishing, the samples were rinsed with acetone, ethanol
and isopropanol. The samples were then treated in a Fischione model 1020
plasma cleaner for 15 min. The Ar:O2 ratio of the plasma is 3:1. Although
no time dependence was found after 30 seconds of plasma treatment[24], the
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plasma was held for 15 min to remove any layer resulting from surface da-
mage during the mechanical polishing step. This was verified in 2 ways : (i)
the thermal conductivities of all the diamond substrates were verified to be
above 1000 Wm−1K−1, the value expected for the type of diamond used and
the spot size used in the TDTR experiment[24], (ii) no defects were found in
the diamond substrate when performing cross-sectional high resolution elec-
tron microscopy on the samples used for STEM-EDX. The samples were then
transferred to a Balzers BAS 450 Sputter deposition system and received a
layer of Cr, Mo, Nb or W according to the parameters listed in Table 1. The
sputtering gas is Ar, at a pressure of 5.2×10−3 mbar, and the power of the
magnetron depends on the metal, ranging from 500 to 2000 W. Prior to the
deposition process, the targets were cleaned for about 5 min in order to make
sure that as little surface oxide from the target as possible was included in the
resulting layer. Layer deposition rates were calculated by dividing the layer
thickness (measured ex situ by cross section imaging using a Zeiss NVision
500 Focused Ion Beam) by the deposition time.
The TBC between the layers and the substrate was measured by TDTR des-
Table 1: Deposition parameters of the metal layers deposited.
Layer Deposition thickness
metal rate [A˚s−1] [nm]
Cr 6 97 ± 2
Nb 4.5 112 ± 2
Mo 7.9 95 ± 3
W 3.2 106 ± 3
Al 6.0 78 ± 2
cribed in detail below. The samples were then loaded in an in-house vacuum
annealing setup available at the Laboratory of Ceramics, EPFL, in which
they were heat treated at 800 oC for 2 h, with a 10 Kmin−1 heat up speed
and a cool down time of 4 h in a vacuum of 10−7 mbar or better.
To study the early stages of the layer deposition, ultra thin (below 2 nm)
layers of Mo and Cr were deposited on diamond substrates for XPS in-
vestigation. XPS data were collected by an Axis Ultra (Kratos analytical,
Manchester, UK) under ultra-high vacuum condition (<10−8 mbar), using
a monochromatic Al Kα X-ray source (1486.6 eV). The source power was
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maintained at 150 W (10 mA, 15kV). The emitted photoelectrons were sam-
pled from a rectangular area of 750 by 350 µm. Gold (Au 4
7/2
f ) and copper
(Cu 2
3/2
p ) lines at 84.0 and 932.6 eV, respectively, were used for calibration.
Target layer thicknesses of 1 nm were set, though due to the fact that the
layer is in its nucleation stage at this point, the exact thickness of the layer
and its surface coverage cannot be known with precision[27].
2.2. Chemical characterization
Prior to heat treatment, TEM lamellae were extracted from each sample
using the FIB microscope mentioned above. The layers were verified to be
metallic using a FEI Tecnai Osiris microscope operated in Scanning Trans-
mission Electron Microscopy (STEM) Energy Dispersive X-ray spectroscopy
(EDX) mode at 200 kV. After the heat treatment, a new TEM lamella was
extracted and EDX maps were acquired on each layer. The tungsten layer
did not exhibit any reaction with the diamond substrate (less than 5 at.%
carbon was found in the bulk of the layer) and thus was transferred to a
FEI CM300 microscope (operated at 300 kV) for Selected Area Diffraction
(SAD) experiments.
When investigating the Nb layer after heat treatment, it quickly disappeared
upon shining by the electron beam in TEM. Therefore, as an alternative,
XPS was performed at its surface, following various times of a light sputte-
ring using Ar ions at 0.5 keV to rid the surface of its native oxide as well as
its contaminants. Prior to sputtering, the adventitious carbon peak was cali-
brated at 284.5 eV[28] to make sure the recorded results could be compared
with literature values.
2.3. Time Domain ThermoReflectance (TDTR)
The experimental setup used for the TDTR experiments is a coaxial two-
tints pump/probe experiment[22]. This setup uses a Spectra Physics tsunami
laser generating pulses of about 200 fs at a repetition rate of 80 MHz and
790 nm wavelength. Its beam is split into two parts, the pump (which heats
the sample’s surface) and the probe (which measures the reflectivity of the
sample’s metallic surface, which is proportional to its temperature[29, 30]).
The pump beam passes through a sharp longpass filter set a 790 nm and the
probe passes through a shortpass filter set at 780 nm. Both pump and probe
are focused on the same spot on the sample’s surface. The pump’s optical
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path length can be varied mechanically, thereby enabling the creation of a
delay between arrivals of the pump and probe on the sample surface from 0
to 4 ns. The pump beam is modulated at a frequency of 10.7 MHz using an
electro-optic modulator.
After being reflected by the sample and passed through a second shortpass
filter set at 780 nm to improve the signal-to-noise ratio by eliminating possible
stray light from the pump, the probe signal is monitored using a 1 ns rise time
photodiode. The resulting signal is passed through a band-pass electronic
filter at 10.7 MHz, amplified, and fed to a Zurich Instrument Hf2Li lock-in
amplifier. The X/Y ratio (where X is the in-phase and Y the out-of-phase
signal of the lock-in amplifier) of the values measured by the lock-in was
used for data extraction, as this strongly limits the impact of a change in
the overlap of the two spots due to mechanical beam steering[31]. Spots of
about 5 µm e−2 radius for both pump and probe are used, achieving fluences
between 0.6 and 2.0 mJcm−2 depending on the metal investigated, leading to
temperature rises of less than 3 K. Beam steering of the pump is monitored
using a CMOS camera in the beamline as described in [22] and is kept under
2 µm over the full range of time delays. The same camera is used to measure
the spot size at the beginning and the end of the delay stage. We use the
model given by Cahill[31, 32] to extract the values of TBC through a fit of
the experimental data. The main fitting parameter is the TBC ; however,
presumably due to small variation in the diamonds’ nitrogen content[33], the
diamond substrate conductivity must also be varied somewhat to obtain a
good fit to experimental data.
The TDTR measurements were performed before and after heat treatment.
Before heat treatment, a clear signal was obtained on all metals, as could be
expected from their reasonably high thermoreflectance coefficient[34]. After
heat treatment, the W and Mo layers could be investigated similarly, since
the top surface was found to be still metallic. For the Cr and Nb surfaces, only
a weak signal was recorded and the data quality was insufficient to permit an
adequate fit of the recorded curves. Thus, the samples were put in a Balzers
BAS450 sputter deposition system. The native oxide at the surface of the
samples was removed by etching the surface using the deposition system in
radiofrequency Ar plasma etch at 500 W for 2 min. A 78 nm Al layer was
subsequently deposited at a speed of 6.0 A˚s−1 and a pressure of 4.3 ·10−3mbar.
Layer thicknesses were re-verified afterwards by FIB cross-section imaging
to account for the material removed by the etching as well as the exact Al
layer thickness. TDTR measurements were then performed, leading to curves
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suitable for TBC extraction.
3. Results
3.1. Transmission Electron Microscopy (TEM)
Figure 1 shows EDX linescans recorded through (a) the pristine Mo layer
and (b-d) the heat treated layers of Cr, Mo and W (NbC layers were hea-
vily damaged by the electron beam and no reliable measurement could be
obtained). Other linescans from untreated layers are not shown but exhibit
5 at% or less C upon elemental analysis. The linescans are extracted from
a map recorded over the whole image shown, using areas of interest 140 nm
in length and summing the contributions from points recorded on a strip of
40 nm width to improve the signal-to-noise ratio. Special care was taken to
position the lines at exactly 90˚ to preserve the sharpness of interfaces. As
EDX is sensitive to mass, and as the mass contrast between the metals in-
vestigated and carbon is very high, the estimated uncertainty on the graphs
is 5 at%.
Figure 2 shows two examples of diffraction patterns obtained by selecting
the tungsten layer of the W on diamond samples heat treated at 800˚ C for 2
h, using the area selecting aperture of a FEI CM300 microscope. Sampling
of the layer only was verified by defocussing the diffraction pattern until
the image appeared in the diffraction spots. It was then made sure that the
substrate did not appear in these spots before putting the pattern back into
focus. White circles indicate reciprocal distances related to metallic tungs-
ten and tungsten oxide (taken from Ref. [35]). Dashed white circles indicate
reciprocal distances related to tungsten carbides, W2C or WC (taken from
Refs. [35, 36]).
3.2. X-ray Photoelectron Spectroscopy (XPS)
3.2.1. Heat-treated niobium layer composition
Figure 3 shows the results obtained from the XPS experiments on the Nb
over diamond layer heat treated at 800˚ C for 2h.
Table 2 shows measured subpeak positions for the spectra recorded around
the Nb3d, C
1
s and O
1
s energies, and corresponding literature data.
3.2.2. Ultrathin films of Cr and Mo
XPS investigation of the surfaces after deposition revealed a weak Cr2s
peak in addition to the O1s and C
1
s on the surface with ultrathin Cr, and strong
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Table 2: Subpeak positions for the spectra recorded around the Nb3d, C
1
s and O
1
s energies
on the heat treated Nb on diamond sample after 18 min of Ar sputtering, compared to
literature data.
Peak type Peak position [eV] Reference
Experiment literature
C1s, adv. 284.3 284.5 [28]
C1s, C-O 286.2 286.2 [37, 38]
C1s, NbC 281.9 282.1 [39]
Nb
5/2
3d , Nb2O5 207.3 206.9 [40]
Nb
3/2
3d , Nb2O5 210.1 208.8 [40]
Nb
5/2
3d , NbC 202.7 202.7 [41]
Nb
3/2
3d , NbC 205.4 205.4 [41]
O1s, adv. 531.4 531.4 [28]
O1s, Nb2O5 530.3 530.4 [42]
Mo3s, Mo
3
p, and Mo
3
d signals on the surface with ultrathin Mo. The signal to
noise ratio was not good enough with Cr to extract data for either the Cr2s or
Cr2p peaks, while Mo oxides and carbides are hard to distinguish from each
other[43–45]. Consequently, only the C1s peak could be used efficiently for
analysis purpose, and it is shown in Figure 4.
3.3. Time domain thermoreflectance
Figure 5 shows examples of the acquired TDTR curves before and after
heat treatment, with corresponding measured TBCs, for a system where an
Al layer was deposited after heat treatment (Cr/C) and a system where such
a layer was unnecessary (Mo/C). Table 3 shows the TBC between layer and
substrate measured before and after high vacuum heat treatment at 800˚ C
for 2h. The layer compositions and thicknesses deduced from Figures 1, 2
and 3 are indicated. The thermophysical properties of the carbides are taken
from Reference [46], except for Mo2C, where no data could be obtained at
ambient temperature. In this case, a Debye heat capacity of 2.8 MJm−3K−1
was calculated, using the Debye temperature and sound velocities provided in
Reference [47]. The standard deviation obtained over 4 measurements gives
an assessment of the repeatability of the measurements, but an additional er-
ror of 10 % due to uncertainties in thermophysical properties, layer thickness,
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Table 3: Measured TBC of the samples investigated before and after high vacuum heat
treatment at 800˚ C for 2h. The errors mentioned in the TBC values are the standard
deviation over 4 measurements.
Layer composition TBC [MWm−2K−1]
Before HT after HT Before HT after HT
Nb, 112 nm Al 78 nm, NbC 134 nm 220±10 230±10
Mo 95 nm Mo 21 nm, Mo2C 78 nm 220±10 240±10
Cr 97 nm Al 78 nm, Cr3C2 115 nm 315±15 320±40
W 106 nm W 105 nm 205±10 200±10
and laser spot radius measurement are to be expected.
4. Discussion
4.1. Compositions of the layers
The EDX linescans in Figure 1 suggest that, prior to heat treatment, the
layers are essentially metallic as shown in part (a) of the Figure. The same
conclusion was reached for the other metal layers as their elemental quantifi-
cation revealed less the 5 at% C. Figures 1 (b) and (c) show that molybdenum
and chromium carbides have formed upon heat treatment. In the case of Mo
(Figure 1 b), where the layer seems to have reacted to consume only a part
of the metal layer’s thickness, the Mo/C ratio suggests a composition close
to the stable phase Mo2C in the interfacial layer, with pure Mo remaining
in the top layer. Indeed, there are only two stable Mo carbides : Mo2C and
MoC and here the ratio between Mo and C concentrations is clearly closer
to 2:1. The Cr layer (Figure 1c) has completely reacted, and the Cr/C ratio
suggests a composition close to the stable phase Cr3C2. Smearing of the W
and C concentrations over 20 nm at the W/diamond interface (Figure 1 d),
as well as the presence of weak spots from WC and W2C in the diffraction
patterns (Figure 2), suggest that carbide has probably formed at the inter-
face, though with a very limited thickness. This limited carbide formation is
probably due to a very low diffusion coefficient of carbon across WC. Extra-
polating data for the diffusion coefficient of C in W2C from Ref. [48] yields
a value of 10−15cm2s−1, which would mean a layer of 27 nm in 2 h. This
suggests that the diffusion coefficient of carbon in WC is even lower, as the
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interface smearing between W and C on Figure 1 d) is below 20 nm. Thick-
ness measurement at a nm scale would be hazardous as a slight tilt of the
sample surface with respect to the [100] direction would change the result
obtained. However the uncertainty in thickness has only a limited impact on
the thermal model used to extract TBC values as the heat capacity of WC
at ambient is 2.84 MJm−3K−1, which is only 11% higher than that of pure
W. Hence the calculation of TBC using the heat capacity of W for the whole
layer should be a good approximation.
Binding energies measured by XPS investigation of the Nb/diamond sample
after heat treatment (Table 2, Figure 3) match very closely the values found
for Nb2O5 and NbC in the literature. This clearly indicates that a carbide
has formed throughout the whole layer except where an oxide was previously
present at its surface, as suggested by the shift in the C1s towards the carbide
peak upon Ar sputtering, observed in Figure 3 (a) and (b).
4.2. XPS on ultra thin films of Cr and Mo
The XPS signal around the main diamond sp3 carbon peak at 285.5 eV
exhibits small subpeaks at energies below 284 eV, i.e. the sp2 carbon sub-
peak. For the sake of comparison, the signal is normalized to its peak value
at 285.5 eV. This normalization, along with the difference in atomic weights
between Mo and Cr and the difference in layer thicknesses, explains the fact
that the subpeaks do not have the same magnitude from sample to sample.
For Cr ultrathin film, the closest corresponding literature reference to the
peak found at 281.5 eV in the present data is that of Cr3C2 at 282.5[49]. For
the ultra-thin Mo layer the subpeak found at 283.3 eV is taken to correspond
to a Mo2C peak at 282.7 eV[39]. The observed energy values do not corres-
pond exactly to the cited reference peaks, but subpeaks observed below the
main diamond peak cannot be attributed to other species often observed on
a diamond surface, i.e. hydrogen[50–53] or oxygen[37, 38], since these species
are known to shift the binding energy towards higher values[37, 38, 50, 51].
On the other hand, bonding with transition metals produces peaks at lo-
wer energies than the sp3 peak of carbon e.g. for Cr[49], Mo[39], Nb[39] or
W[54, 55], suggesting that the observed subpeaks can be attributed to the
respective metal carbides. Moreover, the measurements are made on sub-nm-
sized layers, i.e. not bulk material, which may also slightly change the binding
energy. We therefore conclude that the deposition of Cr and Mo starts with
the formation of a carbide or carbide-like layer at the substrate/layer inter-
face. By extension, since Nb and W are also strong carbide formers, we infer
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by analogy that this is the case for every sample investigated in this study.
4.3. Thermal boundary conductance between metals and their carbides and
diamond
TBCs reported in Table 3 are identical before and after heat-treatment
within their standard deviation for all materials except Mo. As noted be-
fore, an additional error of 10 % due to the experimental technique is to
be expected and thus even for Mo the values would correspond within error.
Moreover, the volumetric heat capacity of Mo2C was deduced from its elastic
constants[47] since, to the authors’ best knowledge, no direct measurements
at ambient are available in the literature. Even though the obtained heat
capacity curve yielded values very close to experimentally measured ones at
higher temperatures, this may account for the 20 MWm−2K−1 difference bet-
ween values before and after heat treatment.
Besides, according to widespread analytical models describing TBC quanti-
tatively, such as the Acoustic[68] or Diffuse[64] Mismatch Model (AMM and
DMM, respectively), a change in the nature of the materials composing the
interface, especially in their phonon spectrum, should directly impact TBC.
Indeed, the general formulation describing hbd, the TBC, is :
hbd =
1
2
∑
p
∫ pi
2
0
∫ ωmax
0
~ωvp(ω)
∂n(ω, p, T )
∂T
DOS(ω)α1→2(θ, p, ω)cosθsinθdθdω
(1)
with p the phonon polarization, v the phonon velocity, ω its pulsation, with a
maximum value ωmax, typically imposed by the metal for metal/diamond in-
terface. n is the Bose occupation factor and α1→2 an interfacial transmission
coefficient, usually containing the central hypotheses of the elastic scatte-
ring model such as AMM or DMM. DOS(ω) is the phonon density of states
of the material. If Eqn. 1 is taken to its limit, assuming no inelastic pho-
non scattering, which is called the phonon Radiation Limit (RL)[64, 65],
the contribution from phase velocities of the upper layers are no longer im-
portant, leaving ωmax as the crucial parameter allowing for a quantitative
assessment of TBC. A good measurement of ωmax of a material is provided
by its Debye temperature ΘD[66], and thus a change in ΘD upon the layer’s
transformation into carbide should be a reliable indicator that Equation 1
applies.
Table 4 shows literature values of the Debye temperatures of the materials in-
vestigated (ΘD of diamond is of 2240 K [65]), as well as the experiments from
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Table 4: Debye temperatures of Cr, Mo, Nb and W and their respective carbides. The
physical quantities from which ΘD is deduced are mentioned as they may not yield identical
ΘD values. RT means room temperature, LT low temperature.
Material ΘD [K] Ref.
Cr 598, 512, 602 LT heat capacity, [56, 57], RT Elastic constants [57]
Cr3C2 470 LT heat capacity, [58]
Nb 277 LT heat capacity [56]
NbC 740, 377 RT elastic properties[59], RT heat capacity [60]
Mo 470 LT heat capacity[56]
Mo2C 490 RT elastic properties [47]
W 380, 304 LT heat capacity [56], First principles [61]
WC 621, 648, 590 RT heat capacity[62], First principles [61, 63]
W2C 425, 450 First principles [61, 63]
which they have been deduced (as this can substantially change the result
[66]). It suggests that differences should appear at least in the Nb/diamond
case, where the Debye temperature of the carbide is at least 33 % higher than
that of the metal. Differences should also be visible in Cr/diamond couple as
the Debye temperature of the carbide is at between 8 and 22 % lower than
the metal’s. For the W/diamond couple, the formation of W2C and WC at
the interface, as suggested by Figures 1 and 2, means that a change can be
expected, as interfacial layers are known to have an influence on TBC[17, 67]
down to nm size. The Mo/C system is the only one where no change should
occur if the Debye temperatures of the metal and its carbides are considered.
In view of what proceeds it is surprising that the heat treatment does not
seem to lead to a significant change in TBC in any of the systems investiga-
ted here, despite the clear evidence that the phases forming the interface do
change during the heat treatment. On the other hand, the nature of the metal
carbon bonds at the interface is already carbide-like after deposition as shown
by the XPS results (see Fig. 4). Hence it would seem that these carbide-like
bonds control the conductance of an interface, not only the bulk proper-
ties of the phases on each side of it. Whether it is the bond strength alone
or a consequence of potential phonon states associated with the transition
in bond strength in the interfacial region cannot be conclusively answered
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by this investigation. However, depositing Cr directly on an in situ RF-
etched-diamond surface, instead of ex situ Ar :O plasma treated diamonds
as conveyed above, yields a TBC of 450 ±50 MWm−2K−1, suggesting that
the quality of the very interface at its formation is crucial (i.e. the diamond
surface prior to the metal deposition), rather than a transition layer that a
priori should be the same for the two deposition conditions investigated. In
order to transpose the observations reported here to composites it would be
interesting to study in situ-formed interfaces during composite processing by
dissolving the matrix of a MMC and observe the obtained diamond particles
in a similar way as in Ref.[12]. This approach would furthermore allow for
the measurement of the conductivity of the carbide itself and the interface
conductance by TDTR as a function of processing parameters, the former
also being a factor that can limit the thermal conductivity of a MMC.
5. Conclusion
Samples consisting in thin films of Cr, Nb, Mo and W layers on diamond
were prepared by sputter deposition. The Thermal Boundary Conductance
at the resulting metal/diamond interfaces was measured by Time Domain
ThermoReflectance prior to and after a heat treatment in high vacuum at
800˚ C for 2 h. While only interfacial (i.e. of thickness not measurable pre-
cisely using DFSTEM) carbides formed upon heat treatment in the case of
W, quasi-complete (for Mo) and complete transformation of the layer into
carbides was respectively observed in the case of Mo, Nb and Cr. The phases
formed were WC, W2C, Mo2C, NbC and Cr3C2.
No significant difference in TBC between the metal/diamond and the car-
bide/diamond cases was observed, suggesting that TBC is strongly affected
by interfacial carbides that have formed at the metal/diamond interface al-
ready during metal deposition, not only by the phononic spectra of the bulk
of the layer.
Heat treatment does not improve the thermal transfer between metal and
diamond, even if that metal can form carbides. This has direct implications
in the design of diamond-based MMCs, as the technique used to put metal
and diamond into contact should ensure a high quality interface during the
early stages of the composite production process.
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Figure 1: TEM cross-sections and EDX linescans across the layers of Mo (before, a, and
after, b), Cr (c) and W (d) after heat treatment.
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Figure 2: Two examples of diffraction patterns obtained from the W layer on diamond
after heat treatment. The white circles indicate reciprocal distances related to metallic
tungsten and tungsten oxide. The dashed white circles indicate reciprocal distances related
to tungsten carbides, W2C or WC, with corresponding reciprocal indexes indicated in red.
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Figure 3: XPS spectra recorded after 0, 6 and 18 minutes etching of the sample surface
using Ar ions at an energy of 0.5 keV. (a) shows the spectrum around the C1s energies
along with the envelope fit obtained using Gaussian-Lorentzian fitting curves. (b) shows a
detailed view of the spectrum around C1s after 6 min sputtering to show the subpeaks used
in the fitting. (c) shows the spectrum around the Nb3d energies along with the envelope
fit obtained using Gaussian-Lorentzian fitting curves. (d) shows a detailed view of the
spectrum around Nb3d with 6 min sputtering to show the subpeaks used in the fitting. In
the cases of (a) and (b), as the surface chemistry was rich in Nb and the mass contrast
between C and Nb is high, a signal of lower quality was obtained at constant acquisition
time. Error bars consisting in the RMS noise of the background signal were added to
account for the lower quality of the result. In all other instances, such an error would be
smaller than the obtained experimental points.
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Figure 4: XPS carbon peak of the deposited Cr and Mo ultrathin film, compared to a
bare, Ar :O plasma treated surface. The subpeaks are indicated by arrows : sp2 C, C single
bond O (C-O), C double bond O (C=O) and C carbide (C-M). The main sp3 C (diamond)
peak lies at 285.5 eV in all cases.
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Figure 5: Examples of TDTR curves acquired before and after heat treatment for the Cr
/ C and Mo / C systems. Error bars are not indicated in the experimental curves as they
are smaller than an experimental point.
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